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Defense Research I n s t i t u t e where e s t i m a t e s o f t h e performance of h i s a l g o r i t h m f o r a f u l l y TF was compared t o corresponding e s t imates f o r i n v e r t e d and m u l t i l i s t f i l e o r g a n i s a t i o n .
The general f o r m of t h e q u e r i e s considered i n B a t o r y -s s i m u l a t i o n experiment was q ( R I : v ( A R . E w . . ) , J = {jl ,..., jk]
where k i s t h e number o f d i s t i n c t a t t r i b u t e s i n ;he query, W . . non-empty s e t s o f values, and R a t a r g e t " v a r j d b l e , t a k i n g values i n t h e s e t of r e c o r d s which c o n s t i t u t e s t h e f i l e . R . i s t h e v a l u e of t h e j : t h a t t r i b u t e i n recordJR.

As c o s t c r i t e r i o n B a t o r y used t h e number o f d i s k b l o c k accesses. The r e s u l t s were presented as f u n c t i o n s o f t h e parameters k and q o f ( l . l ) , and t h e number o f r e c o r d s found t o s a t i s f y t h e query.
For o u r purposes, B a t o r y -s comparisons between f u l l y transposed and f u l l y i n v e r t e d f i l e r e t r i e v a l performance i n t h e case q = 1 i s o f some i n t e r e s t . These r o u g h l y i n d i c a t e t h e f o l l o w i n g break even r a t i o s p = r / N , where r i s t h e number o f records s a t i s f y i n g t h e query and N i s t h e t o t a l number o f records i n t h e f i l e : 
f i l e search ( u s i n g B a t o r y -s a l g o r i t h m ) outperforms i n v e r t e d f i l e search, and v i c e versa. We r e i t e r a t e t h a t these a r e s i m u l a t i o n r e s u l t s based on s p e c i f i c and r e l a t i v e l y simple performance models, and t h a t t h e c o s t f u n c t i o n i s t h e number o f d i s k b l o c k accesses.
Independently t h e p r e s e n t a u t h o r and h i s colleagues designed and e v a l u a t e d a p r o t o t y p e f i l e h a n d l e r 3 , u s i n g a f i l e s t r u c t u r e which can be d e s c r i b e d as a combination o f a f u l l y transposed s t r u c t u r e w i t h an e l a b o r a t e d a t a compression technique. From t h e p o i n t o f view o f t h e p r e s e n t paper, t h e i m p o r t a n t aspect o f t h e d a t a compression technique i s t h e use, where p o s s i b l e , o f r u n -l e n g t h encoding f o r each o f t h e a t t r i b u t e s u b f i l e s . Thus, d i s r eg a r d i n g d e t a i l s o f implementation, i r r e l e v a n t t o o u r p r e s e n t purpose, a sequence o f equal values i s represented by two items only, t h e number of elements and t h e i r common value. The original reasons f o r introducing t h i s technique were the fol 1 owing.
In the relational data model, a subset of the a t t r i b u t e s of a relation i s required to uniquely identify each tuple in the relation. Codd 4 used the term primary key, or key f o r short, to denote t h i s subset. In many applications the key consists of several a t t r i b u t e s , each of which i s thus of smaller cardinality than the key s e t i t s e l f . After sorting the rows of a relation table according t o a s o r t key composed of the primary key a t t r i b u t e s i n some order, i t i s therefore l i k e l y t h a t r u n length compression will considerably reduce the storage space needed f o r most of the key a t t r i b u t e s . By the use of speciall y designed access interfaces, the compressed representation may be kept also in high level algorithms, such as associative o r multivariable query procedures. In t h i s way, we believed we could improve the performance of these procedures enough t o more than outweigh the added complexity of the storage structures and access methods in comparison t o a straight-forward design of a f u l l y transposed f i 1 e hand1 i ng system.
The performance evaluation of our prototype system Prelat 3 more than confirmed these expectations. W e were in f a c t quite surprised t o find that the performance of our search algorithm was almost consistently worse when we forced i t t o use indexes ( f u l l y inverted f i l e s ) than when we did not. There were several reasons why t h i s could n o t be a spurious r e s u l t , e.g. caused by poor implementation of the inverted f i l e search algorithm. The present a t i o n of Batory-s r e s u l t s a t the Fourth Conference on Very Large Data Bases provided only a p a r t i a l explanation of t h i s phenomenon.
The search algorithm works as follows: Assume, f o r simplicity o f presentation, t h a t an interval of acceptable values i s specified f o r each a t t r i b u t e . For the f i r s t a t t r i b u t e , the r e s u l t i s a single interval of row numbers. When t h i s interval i s intersected with the selection interval f o r the second a t t r i b u t e , the r e s u l t consists o f one row number interval f o r each ( d i s t i n c t ) value of the f i r s t a t t r i b u t e which s a t i s f i e s the selection c r i t e r i o n . As more a t t r i b u t e s a r e processed, more row number intervals are generated, although some of the intervals will he empty, particularly i f the f i l e i s sparse and the s e l e c t i v i t i e s are h i g h ( i . e . , the cardinality o f the f i l e i s much smaller than t h a t of the Cartesian product of the a t t r ibute s e t s , and the cardinality of the selection i n t e r v a l s i s smaller than t h a t of the correspondi ng a t t r i b u t e s e t s ) .
The cost of the algorithm i s related to the number of non-empty intervals generated. In the analysis below i t i s assumed that a l l relations of a given s i z e and with given a t t r i b u t e s e t s have the same probability to occur in the database, and an average cost, taken over a l l such sample relations, i s computed.
Example 1 . 1 :
Let the relation R be defined on three a t t r i b u t e s e t s , V1, V2, and V3, a l l members of the key of R.
After sorting we m i g h t get the following Compressing each of the three columns ( i n t o "subfiles" f , f , f ) produces the "compressed, f u l l y transpked20rdsred f i l e " (CFTOF) :
The numbers in parentheses are repetition factors.
The arrows may be viewed as tracing o u t "paths" from the root of a t r e e ( i n f a c t , a generalized t r i e 7 t o the 1 eaves.
A " s u i t e " i s a s t r i c t l y increasing subsequence, the elements of which have the same predecessor node i n the tree.
To search f o r those rows (records) R in the
, say, we proceed as follow?srFirst, searsh-f, with respect to the predicate 2 5 R 5 3 ; t h i s leaves the sequence of pairs ( ( 4 ) 2 , ( 2 ) 3 j , which corresponds t o rows 4-7 in X. Then, search t h a t part of f which cOrresponds t o these rows, with respect t8 the predicate R 23;the r e s u l t i s the sequence ( ( 2 ) 2 , ( 1 ) 3 , ( 1 ) $ ) , which corresponds t o rows 6-7 in R . Finally, we find t h a t the e n t i r e sequence ( ( 1 ) 3 , ( 1 ) 2 ) of f 3 s a t i s f i e s the predicate query i s "rows 6 and 7". R3 2-2; thus the answer to the Search Chapter 2 o f t h i s ment o f a p r o b a b i l query search s t r u c t u r e , i n t e n d e d o f t h e P r e l a t corresponding search covered by Batory-f; r e s u l t s f r o m u s i n g s t o c h a s t i c a l designed t o match, t i o n s of t h e a b s t m c t expressed so as t o v a l i d a t i o n o f t h e measure i s p r o c e s s l r n o t be d i r e c t l y give, however, a l s o ments on f u l l y l e n g t h compression r e s u l t s correspond u s i n g B a t o r y -s m e t i o d o u r system judge t h e performahce pression.
paper i s devoted t o t h e developt o c a p t u r e those b a s i c aspects
model. I n Chapter 3, we p r e s e n t s t i c model o f c o n j u n c t i v e perfo-mance i n an a b s t r a c t f i l e tran'iposed f i l e design and i t s a l g o r i t h m , which a r e n o t perfo-mance measurements w i t h P r e l a t , y generated f i l e s and q u e r i e s as f a r as p o s s i b l e , t h e assump- 
The f o l l o w i n g f a c t s f o l l o w i n m e d i a t e l y from t h e d e f i n i ti ons :
(1) t h e r e i s a 1-1 correspondence between records and paths; thus, any r e c o r d R i n F may be i d e n t i f i e d by i t s corresponding p a t h P(R). through every element o f e v e r y s u i t e i n F passes a t l e a s t one p a t h ( i . e . , each i n d e x p a i r ( j i ,ki) corresponding t o (S. . ,v. !ki) i n P, belongs t o a t l e a s t one p a t h ) .
( 2 )
1 J i 1 3 i A CFTOF may be i n t e r p r e t e d as a g e n e r a l i z e d t r i e 7 , where t h e branching f a c t o r (maximum number o f descendants) v a r i e s w i t h t h e l e v e l o f t h e t r i e .
As mentioned i n t h e I n t r o d u c t i o n , however, t h e d e f i n i t i o n s above admit an i n t e r p r e t a t i o n ( i m p l ementable on a computer) which i s d i f f e r e n t f r o m t h e " c l a s s i c a l " l i s t s t r u c t u r e : a CFTOF may be o b t a i n e d by s o r t i n g a s e t o f unique records (dt u p l e s o f a t t r i b u t e v a l u e s ) , a p p l y i n g r u n l e n g t h compression t o each a t t r i b u t e and s t o r i n g t h e r e s u l t i n g " s u b f i l e s " s e p a r a t e l y . I n t h i s process, one has t o m a i n t a i n , f o r each s u b f i l e , t h e o r i gi n a l "address i n t e r v a l " ( i n t e r v a l o f o r d i n a l numbers i n t h e s o r t e d s e t o f r e c o r d s ) f o r each o b j e c t i n each s u b f i l e .
T h u s , the concept of a CFTOF may be viewed a s a development of the idea of a f u l l y transposed f i l e , applicable t o those a t t r i b u t e s which form the primary key.
Definition 2.5: An "s-dominator" of a path P = ( ( j ,k ) , . . , ( j , k ) ) in the CFTOFF i s the s-tuple Ps = P s ( P ) = ( ( j l , k l ) , ( j 2 , k 2 ) ,... ( j s , k s ) ) , s E l . . d I t follows t h a t the s f i r s t components ( v ( ' ) , v ( ' ) ,
. . . , v ( * ) ) of a record R a r e uniquely determined by P s ( P ( R ) ) . Below, we will use the notation v s ( P s ( P ) ) t o emphasize t h i s correspondence.
Let Succ (P,) be the s e t of successors of P s 3 i . e . , the s e t of \ s + l j -t u p l e s Ps+l = ( P s , ( j s + l , k s + l ) ) , esch element o f which dominates a path in E . Let Succ' be the t r a n s i t i v e closure of Succ, i . e . SuccX(P5) i s the s e t of paths dominated by t h e i r common s-dominator Ps. Define Succ (P, 
To f i n d the records R t h a t s a t i s f y ( 2 . 7 ) , one f i r s t determines the s e t of p a t h s (or "record
i d e n t i f i e r s " ) in P, which corresponds t o such records. The operation of a c t u a l l y r e t r i e v i n g these records may o r may not follow as a second step ( i n a f u l l y transposed f i l e design, often only a subset of the a t t r i b u t e s need a c t u a l l y be r e t r i e v e d ) .
Since the c o s t of the second s t e p i s independent of the search algorithm used, since complete r e t r i e v a l i s not always needed, and since the cost of the f i r s t step very often dominates t h a t of the second, in the sequel we always disregard the second step.
To execute a given complete conjunctive query a g a i n s t a given CFTOF, the following "algorithm" may be used (Ps i s the s-dominator of a path P i n F ) :
In an implementation of t h i s algorithm, the s e t T may be represented by a l i s t of record number i n t e r v a l s . T h u s , f o r example, i P An F l may be represented by [l,N] , where N = 1 r i s the t o t a l number of records in F . Let F be the CFTOF which corresponds t o the ensuing s e t of records. Proposition 2.1:
. , f d ) be a random CFTOF, generated a s described in Postulate 2.1. Denote the average c a r d i n a l i t y of a s u i t e in f i by E i . Then, using the notation of Section 2.1, and l e t t i n g Ki 
Postulate 2.2 (Cost measure):
--
To compute the s e t T -{ P f v i ( P i ( P ) ) B W.}, we assume t h a t we have t o scan f . , through which some path in the current s e t T passes. Specifically, we postulate t h a t the cost of searching any one s u i t e S . . i s proportional t o i t s cardinality r . . (by t a k i J 4 advantage of the f a c t t h a t the sui&& are ordered, the scanning o f the s u i t e may often be stopped before i t s end i s reached; rather l i t t l e is gained i n t h i s way, however, and we henceforth disregard t h i s possib i l i t y ) . W e neglect the cost of other necessary operations, such as "housekeeping" f o r the l i s t representing the s e t T.
Definition 2.8 those sAites of Let the "permissivity" ni of the clause Ri E Wi i n (2.7) be defined by ni = Iwi n vil/Ivil (2.10) 1 I t follows t h a t Batory uses the term s e l e c t i v i t y f o r a related, although not identical, e n t i t y . Since t h i s usage ioes not give the i n t u i t i v e meaning t o the phrase high s e l e c t i v i t y " , we prefer t o define the "sel e c t i v i t y " 6 i by the equation b i = l a i .
Postulate 2.3 (Query generation):
W e assume t h a t the query t o be answered by executing Algorithm 2.1 is characterized by a "permissivity vector" E = (n, ,n2,..,nd), where 1 5 n . < 1. Thus, the query i s complete. (Any query f o r which I W i f l V i l / l V i l = n i , i = l..d, has the same average execution cost when average is taken over a l l possib1eF:s w i t h given N.)
Obviously, the average cardinality of a s u i t e , and thus the average cost of scanning i t depends only on i t s level i n F. Thus, by combining (2.11) or (2.12) and (2.8), an expression for the average search cost of a given complete conjunctive query has been obtained. The extension to non-complete queries is straightforward, but since the expressions become rather complicated, we leave them out. The n o r m a l i z a t i o n o f t h e measured search times i n f i g 3.4 r e l a t e s t h e search c o s t t o t h e CPU t i m e r e q u i r e d f o r scanning one uncompressed s u b f i l e . If t h e scanning t i m e had been dominating, t h e theor e t i c a l and experimental normalized c o s t s would have been c l o s e l y r e l a t e d measures. The model coresponding t o an uncompressed f u l l y transposed f i l e i s t r i v i a l and i t s d e r i v a t i o n i s l e f t as an e x e r c i s e f o r t h e i n t e r e s t e d reader ( h i n t : t h e c o s t v a l u e i n f i g 3.3 corresponding t o n = 0.1 i s 1.111).
and o t h e r s (dashed l i n e ) . The way o u r f o r improving t h e CFTOF t h a t was used f i l e no.: p r a c t i c a l implementation o f a i n P r e l a t . On t h e o t h e r hand, ( 1 ) The use o f o r d e r i n g , t r a n s p o s i t i o n , and data when t h e a t t r i b u t e s a r e i n t e g e r valued. Therefore, t h e c o s t o f t h e d i s k accesses tends t o be dominated by t h e c y c o s t ; a t l e a s t , t h i s i s o u r experience .
I C
/ -1 compression leads t o v e r y compact data storage,
/ / -A new f i l e o r g a n i z a t i o n method, claimed t o p r o v i d e v e r y h i g h performance f o r a l a r g e c l a s s of assoc i a t i v e searches, was described. The new o r g a n iz a t i o n may be viewed b o t h as a development o f t h e f u l l y transposed f i l e , and as a g e n e r a l i z e d t r i e .
I t s average search performance c h a r a c t e r i s t i c s was modelled under some s i m p l i f y i n g assumptions.
Also, t h e model * s p r e d i c t i o n s were compared w i t h measurement r e s y l t s o b t a i n e d w i t h a p r o t o t y p e system, P r e l a t r a t h e r than q u a n t i t a t i v e . Thus, t h e r e m i g h t e x i s t implementation s o l u t i o n s w i t h even b e t t e r search Derformance.
F i n a l l y , we presented f o r purposes o f comparison a n a l y t i c a l and measured c o s t curves f o r f u l l y transposed f i l e search.
Throughout, o u r c o s t measure was processor time, which i s n o t t h e c o n v e n t i o n a l measure i n database search performance s t u d i e s . However, t h e r e a r e some reasons f o r u s i n g processor t i m e i n s t e a d o f t h e customary measure, which i s i / o t i m e o r number o f d i s k accesses:
. The agreement i s q u a l i t a t i v e s i o n s from a comparison between uncompressed transposed f i l e search and CFTOF search w i l l d i f f e r s i g n i f i c a n t l y when one c o n s i d e r s CPU and i / o cost, r e s p e c t i v e l y . With b o t h measures, CFTOF search w i l l be s i a n i f i c a n t l v cheaDer as -F i q .
.. . . . 3.3. Norrial ized c o s i as functio:i of pcri1li;sivity fo!-t h e scven t c s t f i l e s in Flxaiiiple 3.1 (uvhrokeri l i n e s ) artd f o r uncoinpressed transposed f i l e search (dashed l i n e ) .
l o 1 soon as enough key a t t r j b u t e s are" p r e s e h t i n t h e query.
, / , B a t o r y ' s r e s u l t s * p e r t a i n t o i / o c o s t , and we may t h e r e f o r e r e f e r t o them i n c l a i m i n g good r e s u l t s f o r transposed f i l e search.
A q u a n t i t a t i v e a s s e s s m e n t o f t h e i / o c o s t d i f f e r e n c e between CFTOF and f u l l y transposed f i l e search remains t o be done, however. 
6, B e n t l e y & Maurer 8 ) .
2
A problem which was n o t addressed i n t h e paper i s how t o o r d e r t h e a t t r i b u t e s o f t h e p r i m a r y key, so as t o o b t a i n t h e b e s t search performance.
Since t h i s o p t i m a l o r d e r i s i n general a f u n c t i o n o f t h e s e l e c t i v i t y v e c t o r , t h e problem i s p o o r l y d e f i n e d i n t h e sense t h a t t h e o p t i m a l f i l e s t r u c t u r e depends on t h e query c h a r a c t e r i s t i c s , which i n my o p i n i o n should n o t be assumed t o be known a p r i o r i . 5. Acknowledgement!s
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